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DISPERSION COMPENSATING HBER 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 

The present invention relates to dispersion compensating optical fibers that are 
suitable for use in wavelength division multiplexing (WDM) systems, and to dispersion 
compensating fibers that are particularly well suited for use in L-band systems that 
operate at wavelengths longer than 1565 nm. It also relates to dispersion compensated 
links utilizing such dispersion compensating fibers, and to a process for making the 
dispersion compensating fibers. 

2. Technical Background 

Telecommunications systems presently in place include single-mode optical 
fibers which exhibit zero dispersion at a wavelength around 1300 nm; such fibers are 
refeired to herein as "SMF fibers". Signals transmitted within such systems at 
wavelengths around 1300 nm remain relatively undistorted. Signals can be transmitted 
over such systems at wavelengths around 1550 nm in order to achieve lower loss and to 
utilize the effective and reliable erbium fiber amplifiers that operate in the 1550 nm 
window. 

Over the past few years telecommunications systems have been upgraded fi-om 



wo 00/67053 



PCT/USOO/llOlS 



2 

2.5 Gbs single channel systems to 10 Gbs WDM systems. The increased bit rate per 
channel has made these systems dispersion limited. Transmission at 1550 nm over 
SMF fibers introduces a dispersion of about +17 ps/nm-km; such fibers are therefore 
restricted to about 60 kms uninterrupted transmission at 10 Gbs. The solution put forth 
to counter this has been to dispersion compensate at regular intervals. For example, a 
single-mode fiber with a dispersion of +17 ps/nm-km at 1550 nm requires a dispersion 
compensation of 1020 ps/nm every 60 km. Therefore, a dispersion compensating (DC) 
module containing a DC fiber has to be inserted into the system at every amplifier stage 
that accounts for about 1000 ps/nm accumulated dispersion. As this length of DC fiber 
does not account for any real transmission distance, it is desirable to keep this length as 
short as possible. This implies that the negative dispersion of the DC fiber must he 
maximized. However, as the dispersion is made more negative via increasing the role 
played by waveguide dispersion, the fiber becomes more bend sensitive and the base 
attenuation of the fiber increases. Therefore, most value is gained by maximizing 
dispersion (D) while simultaneously keeping attenuation (Attn) as low as possible. 
Thus, the ratio of |D/Attn|, known as the figure of merit, must be maximized rather than 
dispersion alone. 

Until recently, system and DC fiber designers had considered only one channel 
(1550 nm). That is, a DC fiber would be used to compensate dispersion at only one 
wavelength, and hence the dispersion slope of the fiber was not important. However, 
with the new emphasis on WDM technology, it has become necessary to provide 
dispersion compensation over all wavelengths of transmission within the erbium fiber 
amplifier window. This implies that designers are now restricted by the channel that 
has the worst compensation. An obvious solution to the above quandary is to design a 
DC fiber such that dispersion is simultaneously compensated at all wavelengths. Thus, 
there is an added criterion to satisfy, namely, dispersion slope. The figure of merit must 
be maintained at a large value for all wavelengths at which the DC fiber is to be 
utilized. As the bend-edge causes increased attenuation at longer wavelengths, DC 
fibers that have a low bend edge have been limited to use at C-band wavelengths (up to 
1 565 nm) that are substantially unaffected by this effect. 



wo 00/67053 



PCT/USOO/11015 



3 

To examine the effect of dispersion slope on the system assume that a system 
employs the aforementioned SMF fiber, which has a dispersion of +17 ps/nm/km and 
dispersion slope of about +0.056 ps/nm'-km at 1550 nm. Consider the effect of five 
different DC fibers on the system. The dispersion and dispersion slope characteristics 
of the five fibers are shown in Table I. wherein dispersion, D is expressed in units of 
ps/nm-km, and dispersion slope, Dslope is expressed in units of ps/nm^-km. 

Table 1 



DC 
Fiber 


D 


D 

Slope 


Uncompensated Uncompensated 
Dispersion @ 1530 Dispersion @ 1565 
/1000km /1000km 


Distance 

(km) 
®10Gbs 


Distance 

(km) 
(a). 40Gbs 


1 


-85 


-0.186 


-400 


300 


-1200 


-75 


2 


-102 


-0.186 


-540 


405 


-880 


-55 


3 


-85 


-0.28 


0 


0 


> 10000 


>1000 


4 


102 


-0.28 


-200 


150 


-2400 


-150 


5 


-85 




-1200 


900 


-400 


-25 



DC fibers having dispersions of -85 and -102 ps/nm-km have been chosen for this 
theoretical example since a length L of DC fiber having a dispersion of -85 ps/mn km 
will compensate for a length 5L of SMF fiber having a dispersion of 17 ps/nm-km, and 
a length L of DC fiber having a dispersion of-1 02 ps/nm-km will compensate for a 
length 6L of that SMF fiber. 

Using the characteristics of the SMF fiber and the DC fiber, the uncompensated 
dispersion at the end channels (1530 nm and 1565 nm) of the erbium C band window 
can be calculated, assuming that all DC fibers are designed for complete compensation 
at 1550 nm. Calculated values are given in columns 4 and 5 of Table 1. If it is 
assumed that the system is pulse spectral width limited, then the relationship between 
dispersion, bit rate and total length is given by equation 1, 

B(|pjL)"2<./, 
where B is the bit rate, Pz = (DA.^ 27ic, and L is the length. 

Equation 1 can be rewritten in terms of bit rate and the total dispersion 
accumulated in a given length. Based on the above relationship, given a bit rate and the 
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average accumulated dispersion, one can determine the total length of a system before 
dispersion becomes a limiting factor, and this length is given for bit rates of 10 and 40 
Gbs in columns 6 and 7 of Table 1. DC fibers 1, 2, 3 and 4 are theoretical examples 
which are used herein to demonstrate the effects of various dispersions and dispersion 
slopes on system length. DC fiber 5 is a commercial fiber that compensates for 
dispersion at only one wavelength, eg. 1550 nm. Dispersion slope is not listed for DC 
fiber 5 since dispersion slope was not specified for DC fibers intended for operation at a 
single wavelength, and dispersion slope could vary between approximately -0.5 and 
+0.5 ps/nm- km without adversely affecting system operation. It is noted that DC fibers 
1, 2, 3 and 4 are suitable for use in a 10 Gbs system in that their use in such a system 
enables signal transmission over a distance of at least 600 km. Of the five listed fibers 
only DC fiber 3 is suitable for use in a 40 Gbs system. 
The K value of a DC fiber is defined herein as 

K = (DDc)/(DSlopeDc) (2) 
where Dqc and Dslopeoc are the dispersion and dispersion slope of the DC fiber. 
Relative dispersion slope (RDS), the reciprocal of k, is sometimes used to characterize 
a ratio of dispersion and dispersion slope. The ratio of the dispersion to dispersion 
slope of the SMF fiber is about 303. DC Fiber 3 is unique, since the dispersion and the 
dispersion slope of that DC fiber are such that essentially complete compensation can 
be achieved over all wavelengths. In other words, the k value of DC fiber 3 is also 303. 
This criterion is defined as full compensation. Line 20 of Fig. 2 is referred to as the line 
of full compensation, as its slope is 303. DC fiber 3 is represented by that point on line 
20 where dispersion is -85 ps/nm-km and dispersion slope is -0.28 ps/nm^ km. Other 
fibers falling on line 20, such as one having a dispersion of -102 ps/nm km and a 
dispersion slope of -0.336 psW-km, for example, would also afford fiill 
compensation. 

Although DC fiber 3 is superior to DC fibers 1 , 2 and 4 for a 1 0 Gbs system, it 
does not add value, as terrestrial systems are designed primarily for a maximum 
distance of about 600 km. Thus, certain DC fibers which do not provide complete 
compensation are suitable for use in DC modules, and, if these DC fibers are more 
easily produced than those that do provide complete compensation, they would be 
preferred. DC fibers 1, 2 and 4 have k values of 457, 548 and 380, respectively. 
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Values of K that are lower than those of DC fibers 1, 2 and 4 and which are closer in 
value to 303 correspond to enhanced dispersion properties and thus to longer 
transmission distances. DC fibers 4 and 1 are arbitrarily selected for presentation in 
Fig. 2 where they are represented by lines 21 and 22, respectivley. Shaded region 23 
between lines 21 and 22 represents one group of DC fibera that provide acceptable 
dispersion and dispersion slope, and moreover, they can be employed in 10 Gbs WDM 
systems longer than 1000 km. DC fibers having dispersion properties between lines 20 
and 21 and even those having properties falling below line 20 and near thereto would be 
suitable for use in DC modules, but it is not necessary to use fibers having such low k 
values in 10 Gbs systems. 

Only those DC fibers that have dispersion properties on or very near line 20 
would be suitable for use in 40 Gbs systems. 

Erbium fiber amplifiers that are presently being developed will operate in the L- 
band, which includes wavelengths longer than the current limit of 1 565 nm. Presently 
available DC fibers, which provide acceptable dispersion properties, are not suitable for 
use at such longer wavelengths as their bend-edge wavelength is sufficiently low that 
loss is unacceptable at wavelengths longer than 1565 nm. The bend-edge is moved to 
shorter wavelengths as the cutoff wavelength (Xco) decreases and as the mode field 
diameter (MFD) increases. In either case the light is very weakly guided. Therefore, in 
order to push the bend-edge to higher wavelengths, Xco must be increased, and/or MFD 
must be decreased. 

If the MFD is too small, non linear effects such as cross phase modulation and 
self phase modulation increase and splice loss increases. Therefore, MFD should be 
greater than 4 \m and preferably greater than 4.5 \un. 

In order to provide desired low values of negative dispersion and negative 
dispersion slope, prior DC fiber designs have resulted in cutoff wavelengths below 
about 1000 nm, some being below 800 nm. For bend-edge wavelength to exceed 1565 
nm in a DC fiber exhibiting desirable dispersion properties, cutoff wavelength should 
be higher than 1000 nm, and is preferably higher than 1300 nm. With present DC fiber 
designs, it is very difficult to have a cutoff wavelength longer than 1000 nm in fibers 
exhibiting a dispersion slope more negative than - 0.2 ps/nm^-km. Cutoff wavelength 
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should be sufficiently shorter than the lowest operating wavelength, preferably about 
40nni - 50 nm shorter, to avoid an increase in attenuation. For a system operating in the 
erbium amplifier band, Xco should be shorter than about 1 500 nm. 

Prior Dispersion Compensating Fiber Designs 

As the large positive dispersion accumulated by transmission at 1550 nm over 
1300 nm zero D fibers has been unacceptable for long distance signal transmission, 
dispersion compensating optical fibers have been employed in such 1550 nm systems. 
These dispersion compensation fibers exhibit large negative dispersion and may also 
exhibit negative dispersion slope. Figs, lA and IB show index profiles of two types of 
previously employed DC fibers that provide suitable values of dispersion (D s -80 
ps/nm-km) and dispersion slope (DSlope s -0.15 ps/nm^ km) and exhibit a bend-edge 
wavelength suitable for C-band systems that operate at wavelengths up to 1565 nm. 
More negative values of dispersion and dispersion slope can be achieved in such fibers; 
however, other characteristics such as bending loss are adversely affected. 

The W-type three-layer index profile of Fig. 1 A includes a central core 1, a 
second core layer or moat 2 and cladding 3. Fibers of the type represented by Fig. 1 A 
are disclosed in U.S. patent No. 5,361,319. The diameters of core 1 and moat 2 are a 
and b, respectively. The normalized refiractive indices of core 1 and moat 2 with 
respect to cladding 3 are A+ and A-, respectively. The A of a core layer having a 
refractive index nx is given by (nx^ - ncL^)/2nx\ where net is the reftactive index of the 
cladding. The ratio a/b as well as the previously mentioned core characteristics can be 
optimized to achieve large negative values of dispersion accompanied by negative 
disperson slope. It has been recognized that designs that optimize negative dispersion 
and negative dispersion slope can suffer from bending loss, light propagation problems 
and the like. The cutoff wavelengths of these W-type fibers are below 1000 nm, and 
bend-edge wavelengths are lower than 1700 nm. 

Fig. IB shows the index profile of another type of DC fiber that includes an 
additional core feature, viz. a positive delta ring immediately adjacent the moat, for 
modifying light propagation charactistics. Fibers diat include a ring adjacent the moat 
region of the core are also disclosed in U.S. patent No. 5,361 ,3 1 9. 
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The fiber of Fig. 1 B includes a central core 1 1 that is surrounded by moat region 
12 which is in turn surrounded by ring 13. The normalized refractive indices of central 
core 1 1, moat 12 and ring 13 with respect to cladding 3 are Ac. Am and Ar. respectively, 
where Ac equals (nc' - ncL')/2nc', Am equals -(nw' - ncL')/2nM' and Ar equals (nR^ - 
nciVlnR, where nc, tir, and ucl are the peak refractive indices of the central core 
region, ring, and cladding, respectively, and nw is the minimum refractive index of the 
moat. The outer radii of the central core 1 1, moat 12 and ring 13 are rc, and rR, 
respectively. 

Curve 24 of Fig. 2 is a plot of dispersion vs. dispersion slope for a particular 
type Fig. IB fiber profile. The fiber characteristics for a negative dispersion of -80 
ps/nm-km were: A^^ = -1.9 %, Am = -0.52 %, Ar = 0.25 %, rc = 1.65 ^m, = 3.6 
^im, and Tr = 3.95 jim. Each data point in the graph represents the optical properties 
for a given core radius of the profile of Fig. IB. Fibers having different outside 
diameters, and thus different core radii, were drawn, and the reflective index profiles 
were measured and were input to a computer model that generated the fiber dispersion 
characteristics. Different core diameters are obtained for a given profile by initially 
forming a plurality of identical DC fiber core preforms; each prefom is provided with a 
different overclad thickness. When the resultant draw blanks are drawn to 
predetermined outside diameters, the core radii are different. The .iaU point at the far 
right of the curve (where dispersion is about - 42 ps/nm km) represents the largest 
diameter; core diameter decreases at data points located to the left where dispersion is 
more negative. It has been preferred to employ curve 24-type fibere having dispersions 
around -85 ps/nm-km as they are less bend sensitive than those exhibiting more 
negative dispersions. 

As previously indicated, 600 km 10 Gbs C-band systems do not need a fiill 
compensation solution (represented by line 20 of Fig. 2). The adequate solution falling 
within shaded area 23 of Fig. 2 meets the requirements of a 10 Gbs system while 
providing some margin of error. Some presently available DC fibers meet these 
requirements. Moreover, some presently available DC fibers have characteristics that 
fall on or near line 20 of Fig. 2 whereby they would be suitable for use in 40 Gbs C- 
band systems operating at wavelengths less than 1 560 nm. 
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Sensitivity analysis and optical space mapping were performed on the present 
day DC profile shown in Fig. IB to provide desired dispersion properties while 
improving other fiber characteristics. Only the essential results of that analysis are 
given. As the k values of these analyzed profiles were greater than 303, a decrease in k 
represents an improvement in dispersion characeristics. 

The DC fiber of the present invention provides the necessary negative 
dispersion and negative dispersion slope required for compensating dispersion in WDM 
systems operating at 10 or more Gbs, and preferably with the capability of operating in 
the L-band. 

SUMMARY OF THE l>A/F>JTrnM 

One aspect of the invention is a dispersion compensating optical fiber the profile 
of which is such that cutoff wavelength is sufficiently long to enable the use of the fiber 
in the L-band while maintaining desirable values of dispersion and dispersion slope. 
Another aspect is a dispersion compensating optical fiber having negative dispersion 
and dispersion slope properties suitable for use in SMF based WDM systems operating 
at bit rates of at leastlO Gbs. Yet anodier aspect is a dispersion compensating optical 
fiber that exhibits large values of both negative dispersion and negative dispersion slope 
and yet is not hampered by bend sensitivity. Another aspect of the invention is an 
optical transmission system including at least 40 km of single-mode optical fiber 
optimized for low dispersion operation at 1290-1330 nm in series with a much shorter 
length of dispersion compensating optical fiber having negative dispersion and 
dispersion slope properties suitable for use in WDM systems operating at bit rates of at 
least 10 Gbs at wavelengths greater than 1520 nm, and preferably at wavelengths 
greater than 1 570 nm. A fiirther aspect is a method of making a dispersion 
compensating optical fiber such that a region containing a readily diffusing dopant can 
be situated in close proximity to an undoped region. 

One embodiment of the invention relates to a dispersion compensating optical 
fiber core of transparent material surrounded by a cladding layer of transparent material 
of refiractive index ncL- The core includes a central core region having a maximum 
refractive index nc such that Ac is greater than +1 .2% surrounded by a moat region 
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having a minimum refractive index hm such that Am s -0.4%, which is surrounded by a 
ring region that includes a segment where refractive index increases with increasing 
radius to a refractive index of at least Hr such that Ar a +0.15%. The segment is 
located at a radius that is at least 0.3 jim beyond the moat region. The refractive index 
profile of the fiber is such that the dispersion slope of the fiber is more negative than - 
0.15 ps/nm^-km at a wavelength of about 1550 nm. The dispersion slope of the fiber is 
preferably more negative than -0.2 ps/nm^km at a wavelength of about 1550 ran, while 
the dispersion at that wavelength is preferably more negative than -80 ps/nm-km. 

The ring region can include inner and outer portions having maximum reflective 
indices ur, and nR2, respectively, tiiat are greater than ncL- The inner and outer ring 
portions can be separated by an inter-ring region having a refractive index ns that is less 
than nR, and nRj, or the inner ring portion can be situated immediately adjacent the 
outer ring portion. The index profile can be such that Ar, can be equal to zero, less 
than zero or greater than zero. 

The outer portion of the ring region can include a peak having a maximum 
refiective index nz such that Ar2 a +0.15%. The maximum refractive index of the peak 
can be located between 0.3 ^im and 3 nm from the outer edge of moat region, and is 
preferably located between 1 m and 2.5 nm from the outer edge of moat region. 

The cladding layer of the fiber can consist of silica doped with a refractive index 
increasing dopant, and the moat region can be formed of silica doped with a refractive 
index decreasing dopant such as, but hot limited to, fluorine. 

In accordance with a further embodiment, a dispersion compensating optical 
fiber includes a core of transparent material surrounded by a cladding layer of 
transparent material having a refractive index ncL- The core includes three adjacent 
regions named in order of increasing radius: (a) a central core region having a 
maximum refiractive index nc, (b) a moat having a minimum refractive index nw, and 
(c) a ring region including distinctive inner and outer portions having maximum 
refractive indices hr, and hrj. wherein nc>nR,>ncL>nM and nc>nR2>ncL>nM. The radial 
refractive index plot of the fiber is characterized in that the area under the outer half of 
the ring region is greater than the area under the inner half of the ring region. The 
central core region of the fiber preferably has a maximum refractive index nc such that 
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Ac is greater than +1 .2%, and the moat region preferably has a minimum refractive 
index hm such tiiat Am s -0.4. 

Yet another embodiment of the invention relates to a dispersion compensating 
optical fiber including a core of transparent material surrounded by a cladding layer of 
transparent material having a refractive index net- The core a central core region 
having a maximum refractive index nc such that Ac is greater than +1.2% surrounded 
by a moat region having a minimum refractive index nM such that Am s -0.4%. The 
moat region is surrounded by a ring region including distinctive inner and outer 
portions having maximum reflective indices nR, and nR2, respectively, that are greater 
than net, whereby Ar, and Ar^ are positive. The refiractive index profile of the fiber is 
such that the cutoff wavelength is greater than 1000 nm and the dispersion slope is 
more negative than -0.2 ps/nm^-km at a wavelength of about 1550 nm. 

Another embodiment concerns a dispersion compensated optical transmission 
link including the serial combination of at least 40 km of standard single-mode 
transmission fiber optimized for low dispersion operation at a wavelength in the range 
between 1290 and 1330 nm, and a dispersion compensating optical fiber that includes a 
core of transparent material surrounded by a cladding layer of transparent material 
having a reflective index ncL. The core includes a central core region having a 
maximum refractive index nc such that Ac is greater than +1 .2%, surrounded by a moat 
region having a minimum reflective index nw such that Am s -0.4%. The moat region 
is surrounded by a ring region that includes a segment where refractive index increases 
with increasing radius to a refractive index of at least na such that Ar a +0.15%. The 
segment is located at a radius that is at least 0.3 nm beyond the moat region. The 
reflective index profile of the fiber is such that the dispersion slope of the fiber is more 
negative than -0.15 ps/nm^-km at a wavelength of about 1550 nm, whereby the system 
is capable of operating at bit rates of at least 10 Gbs at wavelengths greater than 1520 
nm. 

The invention also concerns a method of forming an optical device. A first 
coating of base glass particles is deposited on a mandrel, and a second coating of glass 
particles is deposited on the outer surface of the first coating, the second coating being 
formed of the base glass and at least one dopant. The mandrel fs removed from the 
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resultant porous glass preform to form a longitudinal aperture through the preform. The 
porous preform is dried and sintered to form a solid glass tube having an inner region 
that is substantially free of the at least one dopant. The step of depositing the first 
coating includes depositing a first layer of the base glass particles on the mandrel at a 
first density, depositing a transition layer of the base glass particles on the first layer 
such that the density of the transition layer varies fi'om the first density at the first layer 
to a second density at the outer surface of the transition layer, the second density being 
at least 30 percent less than the first density, and depositing a third layer of the base 
glass particles on the transition layer at the second density. 

The step of depositing a first coating can include feeding at a first rate a first 
reactant to a burner to generate in the flame a stream of the base glass particles. The 
stream is directed onto the mandrel to deposit the first layer. The flow rate of the first 
reactant is gradually increased from the fu-st flow rate to a second flow rate to form the 
transition layer. The first reactant is fed to the burner at the second rate to form the 
third layer. The first flow rate is preferably less than 70% of the second flow rate. 
Moreover, the flame is preferably hotter during the deposition of the first layer than it is 
during the deposition of the second layer. 

In an embodiment wherein the base glass is Si02 and the dopant is GeO:, and 
wherein the first reactant is SiCL,, the flow rate of the SiCL, during the formation of the 
first layer is preferably less than 70% of the flow rate of SiCU during the formation of 
the third layer. Moreover, the tendency for GeO: to diffuse and deposit in the inner 
region of the glass tube is reduced by flowing at least 75 seem chlorine into the 
longitudinal aperture during the sintering step. 

Yet another aspect of the present invention relates to a method of forming a 
fluorine containing glass article. The method includes the steps of forming a porous, 
fluorine containing glass preform, and heating the formed preform to a first temperature 
to sinter the preform. The sintered preform is then exposed to a temperature of at least 
lOOO'C and lower than the first temperature. 

It is to be understood that both the foregoing general description and the 
following detailed description are merely exemplary of the invention, and are intended 
to provide an overview or framework for understanding the nature and character of the 
invention as it is claimed. The accompanying drawings are included to provide a 
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further understanding of the invention, and are incorporated in and constitute a part of 
this specification. The drawings illustrate various embodiments of the invention, and 
together with the description serve to explain the principles and operation of the 
invention. 

BRIEF DESCRTPTTOM Qp THE PR AWTNfiS 

Figs. 1 A and IB are refractive index profiles of two common types of prior art 
dispersion compensating optical fibers. 

Fig. 2 is a plot showing the relationship between dispersion and dispersion slope 
for different values of fiber outside diameter for the fiber of Fig. IB, and it additionally 
shows acceptable regions for dispersion and dispersion slope for DC fibers suitable for 
use in high bit rate systems. 

Fig. 3 is an idealistic reflective index profile of one aspect of the dispersion 
compensating fiber of this invention. 

Fig. 4 is a refractive index profile of one embodiment of the dispersion 
compensating fiber of the present invention. 

Figs. 5A, 5B and 5C are refi-active index profiles of fiirther embodiments of the 
present invention. 

Fig. 6 shows a plurality of index profiles depicting updoping of the cladding. 

Fig. 7 is a plot showing the relationship between dispersion and dispersion slope 
for the fiber profiles characterized in Table 4. 

Fig. 8 is a plot showing the relationship between the ratio of dispersion to 
dispersion slope of the various DC fiber profiles characterized in Table 4 as a function 
of dispersion. 

Fig. 9 schematically depicts an optical transmission system employng a 
dispersion compensating fiber. 

Fig. 10 schematically shows the deposition of glass particles to form a porous 
glass preform used in the manufacture of a dispersion compensating fiber in accordance 
with the present invention. 
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Fig. 1 1 is a cross-sectional view illustrating the consolidation of a porous 
preform onto a glass rod to form a preform used in the manufacture of a dispersion 
compensating fiber. 

DESCRIPTI ON OF THE PREFERRFD F.MBQpiMENTS 

The family of refractive index profiles within the scope of this invention 
provides excellent negative dispersion and negative dispersion slope and improves 
other fiber characteristics such as bend sensitivity. DC fibers in accordance with the 
invention exhibit a "ring region" that includes an index-increasing segment where 
refractive index increases with increasing radius to a refractive index of at least ur such 
that Ar a +0.15%, the index-increasing segment of the ring being located at a radius 
that is at least 0.3 nm beyond the moat region. 

For purposes of this discussion, the outer edge of the moat can be defined as 
follows. For a Fig. 4 type profile where the slope of the outer edge of the moat 
experiences little change before the curve reaches zero delta, the point on the curve at 
zero delta is the outer moat edge. For a Fig. 5B type profile where the slope of the 
outer edge of the moat experiences an abrupt change before the curve reaches zero 
delta, the point on the curve at which the abrupt change occurs is the outer moat edge. 

The ring region of DC fibers in accordance with the invention generally has 
distinctive inner and outer portions the characteristics of which will become evident 
from a consideration of tiie following embodiments. By "distinctive" is meant that the 
ring region is not a single essentially symmetrical region of the refractive index profile 
as is ring 13 of Fig. IB, wherein maximum refractive index occurs at or near the center 
of the ring. Rather, the inner and outer regions of the ring region are distinctive in that 
they include two separate spaced or unspaced rings or portions that are of the same or 
different refractive index. 

Various embodiments of the ring region are described in conjunction with Figs. 
3, 4, 5, 5A, 5B, 5C and 6. In most embodiments, the maximum refractive index of the 
ring region occurs at a radius of the ring region other than at the radial center thereof. 
In preferred embodiments, the radial refractive index plot of the fiber is characterized in 
that the area under the outer half of the ring region is greater than the area under the 
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inner half thereof. Fig. 5C is an exception in that the ring region of that fiber is a single 
symmetrical refractive index peak the maximum refractive index of which occure at the 
center of the ring region. 

A salient feature of the invention is the ring region thereof which enables the 
fiber to exhibit large negative dispersion and suitable negative dispersion slope without 
incurring undue bend sensitivity, i.e. the bend-edge is moved to longer wavelengths. 
By suitable negative dispersion slope is meant a slope that is sufficiently negative to 
meet the requirements of a specific system. A narrow band system operating at 
wavelengths less than 1565 nm may require only a small negative dispersion slope, eg. 
about -0.15 psW-km and a dispersion D s -80 ps/nm km. WDM systems might 
require a dispersion slope Dslope s -0.2 or even s 0.3 ps/ran'-km at the operative 
wavelength(s). Various core parameters can be optimized to achieve desired dispersion 
properties, and the adverse consequences that would have resulted in prior art fibers can 
be compensated or prevented by proper design of the ring region. For example, Ac can 
be reduced to 1 .5% or less, and Am can be reduced to values more negative than -0.4%, 
and the cutoff wavelength can be maintained at a wavelength above about 1000 ran. 
The invention also encompases those DC fibers having excellent dispersion properties 
and having cutoff wavelengths less than about 1000 nm, the bend-edge wavelength 
being sufficiently long to enable usage in C-band systems. 

An index profile of one aspect of the DC fiber of this invention is shown in Fig. 
3. The fiber profile includes a central core 3 1 that is surrounded by moat region 32 
which is in mm surrounded by first and second rings 33 and 34 which include ring 
region 41 . In preferred embodiments, central core 3 1 has a gradient refractive index 
profile whereby the refractive index thereof decreases in accordance with the equation 
n(r) = nc[ l-(r/a)°], where a is a number between 1 and «, and is preferably between 
about 1.5 and 2. The normalized reflective indices of central core 31, moat 32, ring 33, 
ring 34 and inter-ring region 35, 36, 37 with respect to silica cladding 38 are Ac, Am, 
Ar,, Ar2 and As, respectively, where Ar, equals (nRi^ - ncL^y2nRi^ Ar2 equals (nR2^ - 
ncLV2nR2^ and As equals (ns^ - ncL^)/2ns^ where hri, nR2 and ns are the peak refractive 
indices of the first ring region, second ring region, and inner ring spacing, respectively. 
Definitions of Ac. Am, nc, Hm and Hcl are set forth above. The radii of the central core 



wo 00/67053 



PCT/USOO/11015 



15 

31, moat 32 and rings 33 and 34 are re, Tm, fr, and rR2, respectively. The remaining 
delta values and refractive indices are set forth in the description of Fig. IB. The moat 
region is located immediately adjacent central core 3 1 and first ring 33. 

Whereas Ac had to be maintained relatively large in Fig. IB type profiles, i.e. 
about 1.8 to 2 % to prevent the DC fiber from being bend sensitive, the value of nc in 
fibers of the present invention can be such that Ac s 1 .8 %, and in some instances, nc 
is preferably sufficiently low that Ac s 1.5 %, and yet such fibers do not exhibit 
excessive bend sensitivity. 

The depth of moat region 32 decreases with increasing radius. One way to 
obtain this type of profile is to dope the porous tubular preform that forms the moat 
region by flowing a fluorine-containing gas into the center of the tubular preform and 
outwardly through the preform pores. Moat region profiles 39 and 40 can be obtained 
by flowing the dopant gas, preferably CF4, along the outer surface of the tubular 
preform as well as into the center thereof during the doping step. Although moat region 
32 has a lower value of Am thaii region 39, both profiles have a similar effect on fiber 
characteristics. Although moat regions 32 and 40 have the same maximum depth, moat 
region 40 has a greater effect on dispersion slope as the low Am of moat region 40 
extends throughout the erltire radius thereof. To provide suitable dispersion 
characteristics, -0.7% s Am s -0.4%; however, for ease of fiber fabrication, when 
employing certain fiber fabrication processes, Am a -0.65%. 

Rings 33 and 34 of Fig. 3 can be separated by a region of zero delta (line 35), or 
they can be separated by regions of positive or negative delta as shown by dashed lines 
36 and 37, respectively. Alternatively, the rings can be situated immediately adjacent 
one another, whereby spacing s is zero. The peak refi-active indices of the inner and 
outer sections of the ring region are preferably different, and the reflective indices are 
preferably such that Ari < Ar2. Lower values of Ari tend to provide more negative 
values of dispersion slope; however, effective area is lowered and bend performance 
becomes worse. 

Whereas Fig. 3 illustrates cladding at radii beyond outer ring 34, the profile 
could include additional regions of positive and/or negative delta between ring 34 and 
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cladding 38 to effect an improvement in dispersion properties or other fiber 
characteristics. 

Fig. 3 is an idealistic index profile that is intended to merely illustrate the 
invention; when an optical fiber based on this diagram is actually fabricated, squared 
edges such as the edges of moat 32 will become rounded or otherwise modified due to 
process conditions such as diffusion of dopants. The rounded portions of the index 
profile are evident in Fig. 4 which is an index profile of a core preform, the ring region 
of which comprises inner and outer separated rings 33' and 34', respectively, wherein 
Ari < Ar2 and As > 0. 

As an example of the improvement, in dispersion caracteristics afforded by the 
index profile in the outer portion of the ring region, DC fibers having similar index 
profiles were fomied. The first fiber had a Fig. IB-type profile, and the second fiber 
differed in that it contained a second ring 34' as shown in Fig. 4. The values of Ac, Am 
and Ari for both fibers were about 1.9%, -0.52%, and 0.25%, respectively. The spacing 
s between the centers of the rings of the Fig. 4 profile was about 1 . 1 5 The value of 
Ar2 was about 0.42%, and the value of As was about 0.16%. 

The Fig. IB-type fiber exhibited a dispersion of -85 ps-nm-km and a dispersion 
slope of -0.17 ps/nm^ km at a measured wavelength of about 1550 nm. The Fig. 4-type 
fiber exhibited a dispersion of -120 ps-nm-km and a dispersion slope of -0.2 ps/nm^-km 
at the same measured wavelength. The addition of the second ring 34' increased cutoff 
wavelength substantially and also made the fiber more stable at more negative values of 
dispersion. Another highly desirable attribute of this new design is greatly improved 
bend sensitivity. The bend-edge of the second fiber is around 1700 nm, whereas that of 
the fiber of Fig. IB is at a wavelength of around 1600 nm. 

The profiles of Figs. 5 A, 5B and 5C exhibit excellent dispersion characteristics. 
In Fig. 5 A mner ring portion 44 is of relatively small delta while the delta of outer 
portion 45 is much larger than that of the inner portion. Decreasing the delta of the 
inner portion resulted in a decrease in k, with values in the range of 300 to 425 being 
easily accessible. The delta of the inner portion of the ring is characterized by Ai, the 
index delta at the interface 43 between the moat and the ring portion of the fiber. The 
value of A| should be less than 0.15% and is preferably zero or near zero. The outer 
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portion 45 of the ring region is characterized by the index delta Ar and the half height 
ring width Wr. Another important characteristic of the ring outer portion is the location 
of the ring peak radius with respect to the outer edge of the moat (rR - tm). The value of 
(rR - Tm) should be between 0.3 ^m and 3 ^im and is preferably between 1 um and 2.5 
\un. 

The process of making the Fig. 5A fiber, which utilized the dopant SiF4, 
resulted in a moat having a delta that became less negative with increasing radius. The 
moat delta of that profile is characterized in Table 2B as maximum moat % delta Am- 
MAX, minimum moat % delta Am-min and average moat % delta Aavg- 

The process of making the Fig. SB fiber, which utilized the dopant CF4, resulted 
in an index profile such that moat 46 exhibits a delta that is relatively constant with 
increasing radius. The moat delta of that profile is characterized in Table 2B as average 
moat % delta Aavg- 

Tables 2A and 2B list the physical characteristics of DC fibers F and G. which 
15 have refiractive index profiles of the type shown in Fig. 5A, and of DC fiber H which 
has a reflective index profile of the type shown in Fig. 5B. Optical characteristics of 
DC fibers F, G and H are listed in Tables 3A and 3B. 
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Table 2A 

Core Moat Moat Ring peak Half height 

5 Fiber radius radius width radius ring width 

DC Diameter (^un) {[im) (^m) (^in) (jim) 

Fiber {ym} .sv^. j-^ _wr__ 

F 125 1.74 4.19 2.45 5.55 0.61 

10 G 125 1.75 3.88 2.13 5.74 0.49 

H 128 1.75 3.89 2.14 5.84 0.51 



Table 2B 

15 



20 











Max. 


Min. 


Avg. 




Core 


Ring 


Interface 


moat 


moat 


liioat 


DC 


delta % 


delta % 


delta % 


delta % 


delta % 


delta % 


Fiber 








Am-max 


Am-min 


^-AVG 


F 


1.96 


0.45 


0.04 


-0.63 


-0.44 


-0.52 


G 


1.93 


0.58 


0.00 


-0.69 


-0.42 


-0.52 


H 


1.88 


0.51 


-0.08 






-0.50 



Table 3A 



Wavelength 



30 



DC 
Fiber 


PKAttn 
1550 
fdB/km) 


PKAttn 
1620 
fdB/km) 


Bend Pin 
Airay 1550 
rdB/km) 


Bend Pin 
Array 1620 
(dB/km) 


(nm)at 
BPA = 
5 dB/km 


F 


0.53 


0.45 


0.83 


8.21 


1610 


G 


0.50 


0.43 


0.13 


1.80 


1660 


H 


0.45 


0.41 


0.08 


0.87 


1690 
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Table 3B 



DC 
Fiber 


Dispersion 
1545 nm 


Dispersion 
Slooe 


Percent 
Compen- 
sation 


MFD 
1550 


Cutoff 
Wave- 
length 


K 

value 


F 


-90.6 


-0.30 


99% 


4.64 


1096 


304.32 


G 


-89.5 


-0.24 


80% 


4.66 


1423 


373.33 


H 


-86.9 


-0.19 


67% 


4.75 


1507 


450.47 



To determine the delta values listed in Table 2B, the fiber preforms were 
measured on a York profile analyzer before the overcladding was deposited onto the 
fiber preform. As the preform composition would not cause Ai to be negative, it is 
thought that an artifact of the York profile caused A, of DC fiber H to be -0.08%. 

A DC fiber could be formed such that the fiber refractive index profile is as 
shown in Fig. 5B. In such a fiber, the refi-active index of inner portion 47 of the ring 
region is such that A, is negative. Inner portion 47 could be formed by doping the silica 
that fomis that region with a refractive index decreasing dopant such as fluorine. If all 
other profile characteristics remained the same, as A, is made more negative, dispersion 
properties improve, but fiber bend sensitivity becomes worse. Fig. 53 shows that the 
outer edge of the moat at radius tm occurs at that point on the inde.^ profile curve at 
which an abrupt change occurs in the slope of the curve. 

From experience it is known that attenuation at 1550 nm for DC fibers is 
primarily dominated by the bend-edge. A Pin Array test can be employed to provide 
excess attenuation values that are a useful surrogate for the attenuation of a coil of DC 
fiber. Ten 0.65 mm diameter pins were ananged in a linear array with a 5 mm spacing 
between centers. Eight meters of DC fiber were employed for the test. The end portion 
of the fiber was woven in and out between adjacent pins, and the attenuation of the 
fiber was measured. The fiber was removed from the pin airay, and its attenuation was 
again measured. The excess loss due to the pin array is called the Bend Pin Airay loss. 
Table 3A shows that this loss is greater at a wavelength of about 1620 nm than at 1550 
mn. This shows that some fibers that are suitable for use as dispersion compensation 
fibers in the C-band might not be suitable for use in the L-band. Pin array loss should 
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be less than 12 dB/km at the longest wavelength of use, and it is preferred that the Pin 
Array loss be less than 5 dB/ at that wavelength. The last column of Table 3 A lists the 
wavelength at which the Bend Pin Array loss is 5 dB/km. Lower Pin Array numbere, at 
a given wavelength such as 1 550 nm or 1 620nm, correspond to longer cutoff 
wavelengths, and/or smaller mode field diameter. 

Cutoff wavelengths were measured on relatively short test lengths of DC fiber; 
these measured cutoff wavelengths were higher than the cutoff wavelengths of the 
entire multi-kilometer DC fiber. The cutoff wavelength of an entire length of DC fiber 
might be up to about 100 nm lower than that listed in Table 3B. 

Tables 3A and 3B show that as the ring-moat spacing (rR - tm) increases, the 
fiber exhibits lower bending loss. 

Fig. 5C is a refi-active index profile of a DC fiber, the ring region of which 
consists of a single symmetrical reflective index peak 48, that is. peak 48 achieves a 
maximum value of Ar at a radius that is midway between interface 50 and outer edge 
49 of the ring region. The refiactive index increases with increasing radius to a 
refi-active index of at least nR at a radius that is at least 0.3 ^m beyond the moat region. 
The value of nR is sufficiently large that Ar a +0. 1 5%. 

Dispersion compensating fibers embodying the ring region of the invention are 
capable of providing negative dispersion and negative dispersion slope properties 
suitable for use in WDM systems that operate at bit rates of 10 Gbs and higher while 
exhibiting low bend sensitivity. Figures of merit in excess of 300 have been achieved. 
Moreover, these DC fibers have exhibited good mode field diameter, i.e. greater than 
about 4 ^m diameter. Because cutoff wavelength is relatively long, and bend-edge is at 
a wavelength of at least 1700 nm. this fiber design will be useful in proposed systems 
using fiber amplifiers that operate at wavelengths in the 1520 nm to 1620 nm region. 

Although more negative values of dispersion slope can be achieved by 
decreasing Am, processing is more difficult when Am values are less than about -0.65 % 
for fibers that are clad with pure silica. It is known that updoping the cladding with a 
refiactive index increasing dopant will effectively provide a deeper moat region. 
However, with profiles of the type shown in Figs. lA and IB, such cladding updoping 
could not be done as the fiber cutoff wavelength was low to begin with, and updoping 
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would make the cutoff wavelength even lower. However, with the addition of the 
second ring, the cutoff wavelength can be moved to longer wavelengths (e.g. near 1300 
nm), whereby fibers of the type represented by Fig. 3, 4, 5, 5A, 5B and 5C can be 
cladding-updoped to effectively achieve a deeper moat. 

Computer modeling techniques were employed to analyze the effects of 
updoping in order to achieve a deeper moat. A two-ring DC fiber and the updoped 
versions of that profile are shown in Fig. 6 . The value of Am for all profiles is about - 
0.5%. Five different profiles were considered. Profile portions represented by the 
suffix "a" indicate no updoping; profile portions represented by the suffix "b" indicate 
updoping to increase delta by 0.1% delta; and profile portions represented by the suffix 
"c" indicate updoping to increase delta by 0.2% delta. All of the numbers listed in 
Table 4 represent % delta with respect to silica. 

Table 4 



Profile 


Central 
Core 


Moat 


First 
Ring 


Inter Ring 
Region 


Second 
Ring 


Cladding 


A 


2.0 


-0.5 


0.25 


0 


0.42 


0 


B 


2.1 


-0.5 


0.35 


0.1 


0.52 


0.1 


C 


2.2 


-0.5 


0.45 


0.2 


0.62 


0.2 


D 


2.0 


-0.5 


0.25 


0.1 


0.42 


0.1 


E 


2.0 


-0.5 


0.25 


0.2 


0.42 


0.2 



Profile A represents an index profile similar to that of Figs. 3 and 4 in that the ring 
region comprises two spaced rings. In profiles B and C, all portions of the fiber except 
the moat are updoped 0.1% delta and 0.2% delta, respectively, as compared to Profile 
A. If, for example, germania is employed as the refective index increasing dopant, 
additional germania can be added to the cladding and all core portions except the moat. 
Profiles D and E are similar to profiles B and C, respectively, except that the central 
core portions are not updoped. 

The relationships between dispersion and dispersion slope for all of the profil 
of Table 2 are plotted in Fig. 7. In addition, the line depicted by solid diamonds 
represents the line of complete compensation for SMF fibers. Fig. 7 shows that the 
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desired negative dispersion slopes can be achieved for the prescribed negative 
dispersions. Arrow 71 points in the direction of better dispersion characteristics. Thus, 
the fiber profile represented by the open square data points exhibits better dispersion 
characteristics than the fiber profile represented by the dark circles. However, arrow 71 
also points in the direction of increased bend sensitivity, smaller effective area and 
higher attenuation. 

Fibers represented by Profile B exhibit Pin Array numbers that are lower for a 
given dispersion and dispersion slope than fibers represented by profile D, and fibers 
represented by Profile C exhibit Pin Array numbers that are lower for a given dispersion 
and dispersion slope than fibers represented by profile E. 

Regardless of whether the central core region is updoped along with the 
cladding, it is seen that negative dispersion slopes of -0.3 to -0.4 ps/nm^-km can be 
achieved at a wavelength of about 1550 nm, while dispersion is about -80 to -100 
ps/nm-km. For complete compensation in the erbium fiber amplifier operating window, 
slopes of -0.28 to -0.34 ps/nm^ km are needed for dispersions in range of -85 to -100 
ps/nm-km. From the data points plotted in Fig. 7 it can be seen that, among Profiles B, 
C, D and E, this requirement has been achieved. 

In Fig. 8 the ratio, Dispersion/DSlope, of DC fiber Profiles A through E is 
plotted as a function of dispersion. The solid line is the Dispersion/Dslope value of a 
SMF fiber. This graph shows that if fiber profile D of Table 2 were employed, 
complete compensation should be achieved for dispersion around -90 ps/nm.km in the 
1550 nm operating window. 

It is thus seen that the ring region of the invention enables the achievement of a 
relatively deep moat without adversely decreasing the fiber cutoff wavelength, thereby 
providing the much more negative dispersion slopes required by high Gbs systems. 

DC fibers in accordance with the invention are employed in transmission 
systems that are represented by Fig. 9. A source 81 of signals at a wavelength greater 
than 1520 nm is launched into a transmission link comprising a standard SMF fiber 82 
with zero dispersion at a wavelength such as about 1310 nm in the range fi-om 1290 nm 
tol330 nm. At the end of SMF fiber 82 the signal is coupled into an erbium-doped 
optical fiber amplifier 83. In accordance with one particular system, the amplified 
signal is then coupled into DC fiber 84. Compensating fiber 84 may be positioned on 
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either side of amplifier 83 in the transmission link; moreover, it could be positioned 
ahead of SMF fiber 82 to pre-distort the signal, which can then be amplified and 
transmitted. In some systems DC fiber 84 can be used without an amplifier, depending 
on the length of the transmission link. Bandpass filter 86 is used to filter unwanted 
amplified spontaneous emission fi-om fiber amplifier 83 before the signal is sent to 
detector 85. Other equipment, such as WDM components, is not illustrated. 

It was mentioned in connection with Figs. 5A and 5B that DC fibers having 
values of A| near zero exhibit very good dispersion and attenuation characteristics. 
When making such a fiber, that region of a porous preform that forms an interface with 
the moat region is formed of pure Si02, and the adjacent ring region is formed of Si02 
doped with a reflective index increasing dopant such as Ge02. During the process of 
consolidating the porous preform, some of the Ge02 can diffuse into the adjacent silica 
region, whereby A| is sufficiently greater than zero that k increases and bending loss 
increases. The following process, which results in the formation of a Fig. 5B type fiber, 
minimizes the Ge02 difiusion. 

A central core rod of germania doped silica is formed by any suitable technique. 
The germania concentration decreases with radius whereby the refractive index 
decreases radially in accordance with the equation n(r) = nc[l-(r/a)°], where a is about 
2, nc is the peak reflective index of the rod and a is the outer radius of the rod. 

A fluorine doped silica tube is formed in a conventional manner by depositing 
silica particles on a large diameter mandrel and then removing the mandrel to form a 
tubular porous preform that is suspended in a consolidation ftimace. Standard 
equipment of the type shown in Fig. 10 is employed during the process of forming the 
porous preform and during the drying/consolidation process. The preform is initially 
heated to about 1000°C for a sufficient length of time to dry it while helium flows 
through the fiimace muffle and helium and chlorine flow into the center of the preform. 
The preform is then subjected to gradient consolidation by lowering it at a sufficient 
rate through a fiimace hot zone at about ISOO^'C while helium and CF4 flows through 
the fiimace muffle and helium, chlorine and CF4 flows into the center of the preform. 
During a second pass, the resultant preform is reheated to a temperature greater than 
lOOO^C and less than the sintering temperature to reduce seeds during subsequent 
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processing of the flourine doped tube. This can be done by drawing the preform at a 
suitable rate through a furnace hot zone preferably at about 1400°C as helium flows 
through the flimace muffle and chlorine flows into the center of the tube. This process 
forms a solid, fluorine-doped silica tube. 

The core rod mentioned above is placed into the solid fluorine doped tube, and a 
chlorine purge is effected by heating the tube and flowing chlorine through the region 
between the rod and tube. The region between the rod and tube is thereafter evacuated, 
and the end of the composite of rod and tube is heated and redrawn to collapse the tube 
onto the rod and form an 8 mm diameter intermediate prefonn rdd in which the tube is 
in intimate contact with the core rod. 

A porous ring prefonn 89 is then formed by sequentially depositing from a 
burner 91 layers of undoped and doped silica particles onto mandrel 90 as shown in Fig. 
1 0. A handle (see Fig. 1 1) surrounds one end of mandrel 90. The mandrel is translated 
back and forth along its axis with respect to the burner and is rotated about its axis 
during the deposition process. Burner 91 was a conventional burner having a central 
fiune hole surrounded by concentric rings of openings that supplied the flame gases, the 
inner shield oxygen IS and the outer shield oxygen OS. The flow rates of gases and 
reactants to the various burner openings are listed in Table 5 where all flow rates are 
expressed in units of slpm. Table 5 gives flow rates for only those burner passes that 
are required to make the inner dense and transition portion of the porous preform. The 
remainder of the burner passes were carried out in a conventional manner. 
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Table 5 

Pass Flame 



No. 


IS 




0; 


CIL 


SiCU 


Fume 0? 


1 


0.75 


1.5 


3.5 


5.0 


0 


0.5 


2 


3.0 


6.0 


4.2 


5.0 


1.3 


2.0 


11 


3.41 


5.81 


5.11 


6.078 


1.32 


2.368 


12 


3.41 


5.81 


5.11 


6.078 


1.32 


2.368 


36 


3.535 


5.753 


5.293 


6.298 


2.5 


2.478 



No deposition occurred during the first pass of the burner with respect to the 
mandrel. During passes 2-1 1 a layer of glass particles was deposited on the mandrel 
under conditions that formed a high density layer of porous silica; the flow rates varied 
linearly from those at pass 2 to those at pass 1 1 . During burner passes 12-36 a 
transition layer of silica was formed in which the density varied from high density to 
normal density, the flow rates varying linearly from those at pass 12 to those at pass 36. 

The remainder of the preform was deposited in a conventional manner. 
During passes 37 to 156, normal density silica was deposited. Ge02-doped Si02 was 
deposited in a conventional manner during passes 157 to 201. Passes 202 to 1201 
deposited an outer layer of pure silica on the porous preform. 

Mandrel 90 was removed from the porous preform 89 and the handle 93 to form 
the hollow porous preform 89 of Fig. II. A short length of silica capillary tube 95 was 
inserted into that end of preform aperture 96 opposite handle 93. 

The small diameter end of handle 93 was provided with a plurality of 
indentations 101. An enlarged end 100 was formed on one end of an intermediate 
preform rod 99. Rod 99 was inserted through handle 93 and into preform aperture 96 
until enlarged end 100 contacted indentations 101. The composite preform was 
suspended by handle 93 in a consolidation furnace, muffle 94 of which is schemtically 
shown. The furnace was heated to about 1000°C for 60 minutes while 640 seem helium 
and 66 seem chlorine flowed through handle 93 and into aperture 96 (arrow 97) to dry 
the preform. The preform was then subjected to gradient consolidation by lowering it at 
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5 mm/minute through the 1 500 °C furnace hot zone while 20 slpm helium flowed 
through the furnace muffle (arrows 98) and 320 seem helium and 90 seem chlorine 
flowed through handle 93 into aperture 96. When a. backpressure gauge indicated that 
tube 95 had closed, gas flow 97 was temiinated. During a resinter phase the resultant 
preform was then driven at 5 mm/minute through a 1400 °C hot zone while 20 seem 
helium flowed through the mufile. During the consolidation process porous prefonn 89 
collapsed onto rod 99 to form a solid glass rod the refractive index profile of which is 
shown in Fig. 5B. That glass rod was inserted into a draw furnace and drawn to reduce 
its diameter and form a final preform rod. 

The final preform rod was then further overclad with silica particles which were 
consoldated to form a blank that was drawn into DC fiber. The amount of overclad that 
is applied determines the core diameter ofthe drawn fiber, which in turn detemiines 
dispersion and other characteristics ofthe fiber. As shown in Tables 3A and 3B, 
dispersion characteristics and optical characteristics such as cutoff wavelength ar^ also 
determined by the radial separation between the ring peak and the outer edge ofthe 
moat. This radial distance is determined by the number of passes employed to deposit 
SiOz after the transition layer has been deposited. In the particulate deposition portion 
ofthe above example, the first 36 burner passes of which are listed in Table 5, this 
distance is deteimined by the 120 passes that were made from passes 37 through 156. 

The characteristics of the resultant fiber are set forth in Tables 2A, 2B, 3A and 
3B as DC fiber H. A value of A, near zero was achieved because of two features ofthe 
process of making the fiber. 

The first process feature concerns the deposition ofthe preform that forms the 
ring region and the inner region of the fiber cladding. It is desired that this region ofthe 
DC fiber contain little or no reflective index increasing dopant such as GeOz. To 
prevent diffusion of GeOj into the SiOz imier ring region, especially to the ring/moat 
interface, the first deposited portion ofthe porous preform that forms the ring region is 
deposited at a density that is significantly higher than normal deposition density. To 
accomplish this, the flow of the reactant, eg. SiCL,, that fonns the SiOj, is decreased in 
flow rate to less than 70% of the normal reactant flow rate that is used to form the SiOj 
region at radii greater than the transition region. Also, the flame temperature is high 
during the deposition of the high density layer. The density ofthe low density region at 
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radii greater than the transition region is at least 30% less than the density of the first 
deposited portion of the preform. Whereas silica and germania were employed to make 
the preform of the above example, the improved method of the invention applies to any 
suitable base glass and refractive index modifying dopant. 

The second process feature concerns the consolidation of the the preform that 
forms the ring region and the inner region of the fiber cladding. To further prevent 
diffusion of Ge02 into the Si02 inner ring region to the ring/moat interface, at least 75 
seem chlorine flows into the preform aperture during the sinter phase. Because of the 
high concentration of chlorine in the preform aperture and adjacent portion of the 
porous preform, Ge02 is much less likely to deposit in this region of the preform. 

Without these two process features, GeO: would have diffused from the outer 
ring region 45* into the inner ring region 47 (Fig. 5B) to impart to that inner ring region 
a sufficiently positive value of A, that k would have been increased and cutoff 
wavelength would be lower than desired, thus reducing the bend edge wavelength. 
Either one of these process features alone should result in some reduction in GeOa 
diffusion. 

It will be apparent to those skilled in the art that various modifications and 
variations can be made to the present invention without departing from the spirit and 
scope of the invention. Thus, it is intended that the present invention covers the 
modifications and variations of this invention provided they come within the scope of 
the appended claims and their equivalents. 
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WE CLAIM 

1 . A dispersion compensating optical fiber comprising 

a core of transparent material surrounded by a cladding layer of transparent 
material having a refi-active index net, said core including three radially adjacent 
regions, named in order of increasing radius^ 

(a) a central core region having a maximum refractive index nc such that 
Ac is greater than + 1 .2%, 

(b) a moat region having a minimum refractive index nM such that Am s 

-0.4%, and 

(c) a ring region that includes a segment where refractive index increases 
with increasing radius to a refractive index of at least hr such that Ar a +0.15%, said 
segment being located at a radius that is at least 0.3 m beyond said moat region, the 
refractive index profile of said fiber being such that the dispersion slope of said fiber is 
more negative than -0.15 ps/nm^ km at a wavelength of about 1 550 nm, where Ac 
equals (nc^-ncL^)/2^c^ Am equals (nw^ - ncLV2nM^ and Ar equals (nR^ - ncL^)/2nR^. 

2. The optical fiber of claim 1 wherein said ring region includes inner and outer 
portions having maximum refractive indices hr, and nta, respectively, that are greater 
than ncL . and wherein Ar, < Ar2 , where Ac equals (nc^ - ncL^)/2nc\ Ar, equals (hr,^ - 
ncL^y2nR,^ and Ar2 equals (nR2^ - nGLV2nR2^ 

3. The optical fiber of claim 2 wherein said inner and outer ring portions are 
separated by an inter-ring region having a refractive index ns that is less than hr, and 
nR2. 

4. The optical fiber of claim 2 wherein said inner ring portion is situated 
immediately adjacent said outer ring portion. 

5. The optical fiber of claim 2 wherein Ar, a 0. 

6. The optical fiber of claim 2 wherein Ar, < 0. 
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7. The optical fiber of claim 2 wherein the outer portion of said ring region 
includes a peak having a maximum refractive index n2 such that Ar2 a +0.15% and the 
maximum refractive index of said peak is located between 0.3 fim and 3 iim from the 
outer edge of moat region. 

8. The optical fiber of claim 7 wherein the maximum refractive index of said peak 
is located between I um and 2.5 ^m from the outer edge of moat region. 

9. The optical fiber of claim 1 wherein the maximum refractive index of said ring 
region occurs at a radius other than the center radius of said ring region. 

10. The optica! fiber of claim I wherein the maximum reflective index of said ring 
region occurs at the center radius of said ring region. 

11. The optical fiber of claim 1 wherein the radial refractive index plot of said fiber 
is characterized in that the area under the outer half of said ring region is greater than 
the area under the inner half of said ring region. 

12. The optical fiber of claim 1 wherein said cladding layer consists of silica, and 
said moat region is fomied of silica doped with a refractive index decreasing dopant. 

13. The optical fiber of claim 12 wherein said refractive index decreasing dopant 
comprises fluorine. 

14. The optical fiber of claim 1 wherein said cladding layer consists of silica doped 
with a refractive index increasing dopant, and said moat region is formed of silica 
doped with a reflective index decreasing dopant. 

15. The optical fiber of claim 14 wherein said refractive index decreasing dopant 
comprises fluorine. 
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16. The optical fiber of claim 1 wherein Am a -0 J%. 

17. The optical fiber of claim 1 wherein Ac s 2%. 

18. The optical fiber of claim 1 wherein Ac s 1.8%. 

19. The optical fiber of claim 1 wherein Ac s 1.5%. 

20. The optical fiber of claim 1 wherein the refractive index profile of said fiber is 
such that the dispersion slope is more negative than -0.2 ps/nm^-km at a wavelength of 
about 1 550 nm. 

21. The optical fiber of claim 20 wherein the refractive index profile of said fiber is 
such that dispersion is more negative than -80 ps/nm-kmat a wavelength of about 1550 
nm. 

22. The optical fiber of claim 1 wherein said segment is at least 4.75 ^m from the 
center of said fiber. 

23 . A dispersion compensating optical fiber comprising 

a core of transparent material surrounded by a cladding layer of transparent material 
having a refi-active index net, said core including three radially adjacent regions, named 
in order of increasing radius, 

(a) a central core region having a maximum refi-active index nc, 

(b) a moat region having a minimum refractive index nM, and 

(c) a ring region including distinctive inner and outer portions 
having maximum refractive indices nRi and nR2, wherein nc>nRi>ncL>nM and 
nc>nR2>ncL>nM, the radial refractive index plot of said fiber being characterized in that 
the area under the outer half of said ring region is greater than the area under the inner 
half of said ring region. 
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24. The optical fiber of claim 23 wherein said central core region has a maximum 
refractive index nc such that Ac is greater than +1.2%, and said moat region has a 
minimum refractive index nM such that Am s -0.4, where Ac equals (nc^ - ncLV2nc^ 
and Am equals (nM" - ncL^)/2nM^ 

25. A dispersion compensating optical fiber comprising 

a core of transparent material surrounded by a cladding layer of transparent material 
having a refractive index ncL, said core including three radially adjacent regions, named 
in order of increasing radius, 

(a) a central core region having a maximum refractive index nc such 
that Ac is greater than + 1 .2%, 

(b) a moat region disposed having a minimum refractive index nM 
such that Am s -0.4%, where and 

(c) a ring region including distinctive inner and outer portions 
having maximum refractive indices nRi and nR2, respectively, that are greater than net, 
whereby Ari and Ar2 are positive, where Ac equals (nc^ - ncL^)/2^c^ Am equals (nM^ - 
ncLV2nM^ Ar( equals (nai^ - nciyirxRi^, and Ar2 equals (nR2^ - ncL^)/2nR2^ the 
refractive index profile of said fiber being such that the cutoff wavelength is greater 
than 1000 nm and the dispersion slope is more negative than -0.2 ps/nm^-km at a 
wavelength of about 1 550 nm. 

26. A disersion compensated optical transmission link comprising the serial 
combination of at least 40 km of standard single-mode transmission fiber optimized for 
low dispersion operation at a wavelength in the range between 1290 and 1330 nm, and 
a dispersion compensating optical fiber that includes a core of transparent material 
surrounded by a cladding layer of transparent material having a refractive index net, 
said core including three radially adjacent regions, named in order of increasing radius, 

(a) a central core region having a maximum refractive index nc such 
that Ac is greater than +1 .2%, 

(b) a moat region having a minimum refi^ctive index nM such that 
Am s -0.4%, and 
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(c) a ring region that includes a segment where refractive index 
increases with increasing radius to a refractive index of at least hr such that Ar a 
+0.15%, said segment being located at a radius that is at least 0.3 ^m beyond said moat 
region, the refractive index profile of said fiber being such that the dispersion slope of 
said fiber is more negative than -0.15 ps/nm^-km at a wavelength of about 1550 nm, 
whereby said system is capable of operating at bit rates of at least 10 Gbs at wavelengths 
greater than 1520 nm, where Ac equals (nc^ - ncL^)/2nc^ Am equals (rif/ - ncLV2nM^ 
and Ar equals (ur - ncL^y2nR-. 

27. A method of forming an optical device comprising 

depositing on a mandrel a porous prefonn of glass particles having a first 
coating of base glass particles adjacent said mandrel, 

depositing a second coating of glass particles on the outer surface of said first 
coating, said second coating being formed of said base glass and at least one dopant, 

removing said mandrel from said porous glass preform to form a longitudinal 
aperture therethrough, 

drying said prefonn, and 

sintering said prefomi to forni a solid glass tube having an inner region that is 
substantially free of said at least one dopant, 
wherein the step of depositing said first coating includes 

depositing a first layer of said base glass particles on said mandrel at a first 
density, 

depositing a transition layer of said base glass particles on said first layer such 
that the density of said transition layer varies from said first density at said first layer to 
a second density at the outer surface of said transition layer, said second density being 
at least 30 percent less than said first density, and 

depositing a third layer of said base glass particles on said transition layer at said 
second density. 

28. The method of claim 27 wherein the step of depositing a first coating comprises 
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feeding at a first rate a first reactant to a burner to generate in a flame emanating 
from said burner a stream of said base glass particles and directing said stream onto said 
mandrel to deposit said first layer on said mandrel, 

gradually increasing the flow rate of said first reactant from said first flow rate 
to a second flow rate to form said transition layer, and 

feeding said first reactant to said burner at said second rate to form said third 

layer. 

29. The method of claim 28 wherein said first flow rate is less than 70% of said 
second flow rate. 

30. The method of claim 29 wherein said flame is hotter during the deposition of 
said first layer than it is during the deposition of said second layer. 

3 1 . The method of claim 30 wherein said base glass is SiOi and said dopant is 
Ge02, and wherein said first reactant is SiCU, the flow rate of said SiCU during the 
formation of said first layer is less than 70% of the flow rate of SiCU during the 
formation of said third layer. 

32. The method of claim 27 further comprising the step of flowing at least 75 seem 
chlorine into said longitudinal aperture during said sintering step. 

33. A method of forming a fluorine containing glass article comprising 
forming a porous, fluorine containing glass preform, 

heating said porous preform to a first temperature to sinter said preform, and 
reheating said sintered preform to a temperature of at least lOOOX and lower 
than said first temperature. 



wo 00/67053 



PCT/USOO/11015 



1/8 



A+ 



A- 



1-5-1 >- 2 



FIG.IA (PRIOR ART) 




FIG. IB (PRIOR ART) 



wo 00/67053 



PCT/USOO/11015 




FIG. 3 



wo 00/67053 



PCTAJSOO/noiS 




FIG. 5 A 



wo 00/67053 



PCT/USOO/llOlS 





wo 00/67053 



PCT/US00/nOI5 




wo 00/67053 



PCT/USOO/11015 



6/8 



DISPERSION SLOPE (ps/nm^km) 
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